Sediment released during pipeline water crossings has the potential to negatively affect downstream aquatic resources. Regulation of pipeline water crossings has been directed through the application of allowable construction methods, timing constraints and numerical turbidity restrictions on construction permits. Past applications of turbidity restrictions are criticized for the following reasons: duration of exposure or sediment deposition effects are not considered; some applied restrictions are for the protection of primary productivity in lakes; and, defined mixing zones do not appear to incorporate expected levels of sediment generation, or sediment transport principles. Alternate approaches to defining permit restriction are proposed.
INTRODUCTION
Pipeline water crossings can increase the sediment load within watercourses through: (1) trench excavation, scour and backfilling; (2) the storage and disposal of dredged or fill material directly into watercourses; (3) erosion and run-off from adjacent upland worksites; and, (4) the discharge of water from hydrostatic pipe testing, or trench dewatering. Sediment released during pipeline water crossings has the potential to affect downstream aquatic life and the habitat upon which they rely through either direct exposure or sediment deposition (Schubert et al., 1985 , Anderson et al., 1997 . In some jurisdictions, regulation of sediment inputs has been directed through allowable construction methods and time-frames. Numerical turbidity restrictions have also been incorporated within permit conditions to ensure the proper application of Best Management Practices (BMPs) defined for a water crossing. Instantaneous exceedences of numerical restrictions could result in construction delays and the prosecution of pipeline contractors and sponsors for the violation of state water quality standards (Mutrie and Gilmore, 1993) . Given the liabilities and the sentiment within the pipeline industry that current restrictions are inappropriate, the biological relevance and achievability of these limits requires evaluation.
The objectives of this paper are to: (1) discuss sediment release and transport from open-cut (wet) pipeline water crossings; (2) review the application of sediment generation restrictions to pipeline water crossing permits across the United States; (3) evaluate the biological relevance of applied numerical turbidity restrictions; and, (4) to propose alternate approaches to current numerical permit restrictions.
SEDIMENT GENERATION AND TRANSPORT
Levels of suspended sediment increase rapidly at the onset of instream activity. Discrete peaks of high suspended sediment concentrations occur, corresponding to activities such as trench excavation, trench dewatering and backfilling. During pipeline trench excavation and backfilling, suspended sediment concentrations can exceed 2,500 mg/L or the equivalent in nephlometric turbidity units (NTU) ( Table 1) . However, when disturbance of the streambed stops, suspended sediment levels recede markedly with only some minor residual increases due to scour of the trench, erosion of exposed surfaces at the crossing site, and the resuspension of settled material occurring.
The duration and magnitude of sediment load increases during instream construction reflect watercourse size, volume of flow, construction activity, BMPs and sediment particle sizes.
Small water crossings (<33 ft) can be completed in less than a day while one to three days is generally required for medium sized crossings (33 -66 ft). Depending on the site-specific conditions, the instream construction for large water crossings (> 66 ft) can be much longer ranging from a few days to several weeks (TERA, 1996) . Federal Energy Regulatory Commission (FERC) construction requirements also limit the instream construction period for open (wet) crossings of minor water bodies (10 ft wide or less) to 24 hours and 48 hours for waterbodies up to 100 ft wide (FERC, 1994) .
The rate of increase in suspended sediments will reflect the nature of the construction activity (Ritter, 1981; TERA, 1996) . Typically, the highest peaks in suspended sediment concentrations are associated with trench excavation. Additionally, the method of excavation will greatly influence both the duration of instream activity and the overall sediment load generated. For example, backhoes can suspend substantial amounts of sediment into the water column but the construction time is relatively short thereby reducing the duration of exposure. Crossings excavated by draglines may generate lower sediment loads providing that instream storage of dredge spoils is not necessary, but often the duration of instream activity is protracted. The dispersion of suspended sediment concentrations within the plume will reflect the flow conditions of the receiving waterbody (Julien, 1995) . Very low flow conditions can result in minimal dilution and high suspended solid concentrations. However, the distance of downstream transport may be minimized. At the other extreme, high flows associated with storm events can increase background levels and entrain exposed sediment at the crossing location. High flows also increase the width of the water crossing, restrict the effectiveness of alternate crossing methods, the use of instream sediment control devices and generally hamper construction operations.
Additionally, the downstream extent and concentrations of the sediment plume will reflect the particle sizes of the material excavated or used in backfilling. Excavation of streambeds composed primarily of clay or silt sized particles will generate persistent plumes of high suspended sediment or turbidity levels. This is due to the low water velocities (i.e. pool habitat) required for small sediment particles to settle out of suspension (Julien, 1995) . Alternately, gravel and coarse sand will settle out downstream close to the crossing site. Physical structures such as silt curtains, or debris dams and boulders that trap particles promote the settling of suspended sediment. However, small particle diameters also limit the ability of sediment control structures to reduce downstream sediment concentrations.
For more rigorous discussions of sediment generation and transport due to pipeline water crossings, see Ritter (1981) , Trow (1996), and Bender (1997) .
PERMITTING
The following review of the United States regulatory approach integrates information from previously issued construction permits, telephone interviews with federal (Army Corps of Engineers (USACOE) and FERC) and state regulatory agencies, and, seventeen pipeline companies.
Permits are granted by USACOE under sections 404 of the 1977 Clean Water Act and Section 10 of the 1889 Rivers and Harbours Act (Skonberg and Smith, 1993) . Section 404 of the Federal Clean Water Act governs the disposal of dredged or fill material into waters of the United States. Fill material applies to excavated material that has been sidecast or that is used as trench bedding or backfill. Section 404 permitting is accomplished through either: A. Nationwide, or regional general permits (33 CFR Part 330).
These are applicable to permitting projects with only minimal perceived impacts. Nationwide Permit No. 12 is applied specifically to utility line bedding and backfill. Nationwide Permit No. 33 allows for the placement of fill for temporary construction access. B. Individual permits. These constitute the most onerous review process. This process involves the issuance of a public notice, formal co-ordination with other federal and state agencies, a public interest evaluation and a determination of compliance with section 404 (b) guidelines. These guidelines restrict permitting approval to only the least damaging practical alternative (LEDPA) (Adams and Killroy, 1996) . Section 401 of the Federal Clean Water Act further requires that any applicant of a federal license or permit to conduct an activity which will result in a discharge into waters of the United States, shall provide the federal agency from which a permit is sought a certificate from the state water pollution control agency stating that any such discharge will comply with applicable water quality standards (Adams and Killroy, 1996) . Therefore, before a Federal Section 404 permit can be issued by USACOE, 401 certification from the state must be provided stipulating compliance with the state's water quality requirements. It is through this certification process that numerical turbidity limits are generally assigned.
Turbidity restrictions may additionally be applied to pipeline construction projects through the Environmental Protection Agency's (EPA) National Pollution Discharge Elimination System (NPDES). An NPDES permit may be required for the discharge into waterbodies of hydrostatic pipe testing waters and/or waters from the de-watering of excavated areas. An NPDES stormwater permit is required if pipeline construction activities clear more than 5 acres of land (Gilbert, 1996; TROW, 1996) . The responsibility of administering NPDES has been federally delegated to most states.
NUMERICAL TURBIDITY RESTRICTIONS
Numerical turbidity restrictions from state water quality standards to protect aquatic life are generally only applied in the southeastern, and southwestern states (Figure 1 ). The stated intent of attached numerical conditions in some states was to ensure the proper application of BMPs and Best Available Technologies (BATs) rather than to maintain defined turbidity levels during construction. Most states identified a preference to regulate sediment concerns only through the implementation of BMPs and BATs. However, while numerical limits may have not been historically applied, some state agencies stressed that future application should not be unexpected for sensitive water crossings. According to interviewed regulators, the potential for sediment related impacts is reviewed based on the characteristics of individual crossing sites and the proposed construction method. Issues highlighted that influence any decision to apply numerical permit conditions were: (1) the trench dimensions (width, depth, and length); (2) the occurrence of vulnerable, or highly valued aquatic life (e.g. rare, threatened, or endangered species); (3) the proposed construction timing and crossing method; (4) multiple crossings of the same watercourse; and, (5) the hydrological and, or biological capacities of the waterbody to tolerate increases in sediment load without degradation of fish health and habitat. Interviews with pipeline companies indicated that numerical turbidity restrictions are not attached to pipeline water crossing permits in most states. For much of the central United States, turbidity was not identified as an issue of regulatory concern. Only in 8 of the 30 states for which water crossing construction experience could be commented on, had numerical turbidity limits been attached to instream construction permits. Reported allowable instantaneous exceedences varied from 10 -50 NTUs (Table 2) . NTU averaged over 10 days.
New Hampshire
• for watercourses greater than 10 ft, water quality not to exceed greater than 10 NTU above background at the end of a 1000 ft mixing zone; • for watercourses less than 10 ft wide, water quality not to exceed greater than 10 NTU above background at the end of a 500 ft mixing zone
New York
• not to exceed 10 NTUs outside a 300 ft mixing zone Tennessee
• not to exceed 50 NTUs above background
Vermont
• not to exceed a 10 NTU allowable increase Numerical restrictions are typically set for a determined distance downstream of the crossing, outside of defined mixing, or dilution zones. Different restrictions can additionally be applied to the mixing zones themselves. For example, one permit issued to a set of crossings within Florida set restrictions of 1000 NTUs and 3000
NTUs for specified allowable durations at the end of a 2642 ft mixing zone. Different allowable mixing zone distances have also been defined to reflect differences in the sizes of watercourses.
ASSESSMENT OF NUMERICAL TURBIDITY RESTRICTIONS
The derivation of relevant and realistic numerical restrictions to protect aquatic life downstream of pipeline water crossings is difficult because: (1) sediment generation models for water crossings are primarily for non-cohesive bed materials (i.e. gravel and sand); (2) dissatisfaction exists regarding the predictive utility of sedimentation effects research to date (Everest et al., 1987; Chapman, 1988) ; (3) EPA guidance for setting allowable exceedence levels and mixing zones for biological protection is based on effects from longterm pollution from effluent outfalls (EPA 1994); and, (4) competing values (i.e. aesthetic and recreational) requiring protection exist. Regardless, the financial and legal liabilities to pipeline construction sponsors and contractors resulting from current turbidity restrictions necessitate an evaluation of current protection levels.
Although its primary purpose is to guide the determination of whether a given discharge of dredged or fill material will cause significant adverse effects to aquatic resources, Part 230 of Section 404 (b)(1) of the Clean Water Act provides a useful framework in which to evaluate past numerical turbidity restrictions. Relevant concepts include: (1) the determination of short-term or long-term effects on the physical, chemical and biological components of the aquatic environment; (2) the assessment of effects to physical streambed conditions; (3) the extent and persistence of adverse effects is dependent on the magnitude of increase above background levels, the duration of increases, watercourse flow characteristics, and the seasonal timing of the discharge; and, (4) the determination of acceptable mixing zones should consider the watercourse flow characteristics that affect rates and patterns of mixing, the characteristics of the dredged materials (including settling velocities) and the rate of discharge per unit of time. The following comments were made based on the above concepts. A. Some of the numerical turbidity conditions (e.g. 25 NTU limit) included in construction permits were derived from the effects of chronic sediment exposure to the productivity of freshwater fisheries (EIFAC, 1964; Sigler et al., 1984) . Chronic effects are those resulting from long periods of exposure to low concentrations and result in changes in growth, reproduction and behavior. Except for major waterbodies, most pipeline water crossings are completed with only a few hours to days of instream activity. The effect, or toxicity of sediment exposure to aquatic life is dependent on the level and duration of exposure (Newcombe and Jensen, 1996 ; Section 230.21 (b) Section 404 (b)(1) Clean Water Act). Therefore, it should be expected that observed impacts are reflective of short-term exposure events. Examples include temporary behavioral changes (i.e., avoidance of turbid water) (Bisson and Bilbly, 1982) or physiological damage to fish at high suspended sediment concentrations (Servizi and Martens, 1987) . Water quality standards which only incorporate chronic effects inadequately protect against acute impacts because they do not address short-term exposure to high exposure concentrations of a compound (EPA, 1985) . Examples of acute effects are mortality, severe tissue, or organ damage. Acute effects on juvenile salmonid fish have been observed at exposure concentrations greater than 3,100 mg/L (McLeay et al. 1983; Servizi and Martens 1987; . However, the onset of acute effects is a function of many variables including species and life-stage specific sensitivities, duration of exposure and the sediment particle sizes. Given that behavioral changes resulting from shortterm sediment exposure are considered to be transitory and do not persist long after suspended sediment concentrations approach background levels (Newcombe, 1994) , protection of fish from the direct effects of sediment exposure would be better targeted at potential acute effects. B. Established restrictions do not address other associated impacts of sediment release. Primarily, this refers to the alteration of downstream habitats due to sediment deposition. Much of the impact of pipeline watercourse crossings on aquatic organisms results from habitat changes attributable to downstream sediment deposition (Reid and Anderson 1998) . In order to adequately protect fisheries, Singleton (1985) , Lloyd (1987); and Harvey (1989) all identified the need for sediment related water quality standards to address both the direct effects of suspended sediment and those caused by the settling of sediment.
C. The application of turbidity restrictions is questionable as values used were often derived to protect primary productivity in lakes (Garton, 1979) . Given that light generally reaches the bottom of many streams and rivers, and the temporary nature of the increase in sediment loading associated with construction activity, these values are of limited application. Except for some behavioral effects such as reduced foraging ability, most effects of concern are caused by the exposure to, and deposition of, sediment particles, not reductions in light intensity in the water column. Also, turbidity is not a good surrogate for suspended sediment concentrations as NTU -TSS relationships are dependent on sediment particle size distributions in the water sample (Lloyd 1987) . Differences occur between samples taken at different distances downstream as larger sediment particles fall out of suspension and between watercourses with different streambed materials. Site-specific relationships are required before turbidity can be used as an effective surrogate for TSS. D. Mixing zones defined in some permits do not appear to incorporate principles of sediment transport, the magnitude of sediment load expected to be generated during open-cut water crossings (Table 1) , or the flow characteristics of individual watercourses. This suggests that applied mixing zone distances are arbitrary and potentially ineffective.
RECOMMENDATIONS
Current approaches to regulate short-term sediment generation through numerical restriction of allowable increases in suspended sediment or turbidity are neither practically achievable, nor do they appear to provide the appropriate level of biological protection. If numerical restrictions are to be applied to water crossing permits, the following recommendations are given to help develop conditions that will protect aquatic organisms and reflect the levels of sediment generation during pipeline water crossings. A consequence of applying these recommendations will be the requirement of pre-construction data collection of the physical and biological characteristics of watercourses proposed to be crossed. A. Use suspended sediment concentration instead of turbidity. Sitespecific relationships are required before turbidity can be used as an effective surrogate for TSS. B. Derive restrictions from biological databases, or predictive tools that integrate the concentration and duration of sediment exposure when determining effects on aquatic life. Based on a meta-analysis approach, Newcombe and MacDonald (1991) and Newcombe and Jenson (1996) provide predictive dose-response equations to identify the Severity of Effect (SEV) to benthic invertebrates and fish resulting from exposure to elevated suspended sediment concentrations. Anderson et al. (1996) provide a dose-response equation to estimate the degree of downstream habitat degradation associated with a sediment release event. Using these equations, allowable suspended sediment concentration during construction can be backcalculated using the estimated duration of instream activity and an identified acceptable level of effect (SEV score).
An alternate approach would to be use species or lifestage specific acute and chronic toxicity information to set protective levels for the downstream areas affected. Anderson et al. (1996) and Newcombe and Jensen (1996) both provide databases which could be applied to derive restrictions to protect against acute level effects. EPA (1994) provides methods to calculate acceptable substance concentrations for protection against acute level effects. The application of chronic or acute effects data still requires a consideration of the expected duration of instream activity. Tests to determine acute level effects generally last 48 to 96 hours while chronic exposure experiments last 7 days or longer. As behavioral effects are expected to disappear once background levels return (Newcombe, 1994) , acute effects based restrictions should be considered the most appropriate protection against significantly adverse effects if instream activities last only 1-2 days. A tandem of acute and chronic effects based restrictions would be better suited for larger water crossings which are anticipated to involve several weeks of instream activity. Such an approach would protect against the effects of (1) exposure to high suspended sediment concentrations associated with trench excavation and backfilling (physiological damage, or mortality) and; (2) long term exposure to elevated suspended sediment concentrations (reduced growth). C. Determination, or assessment of allowable increases and the sizes of mixing zones should include predictive modeling of sediment generation and downstream transport. This allows one to:
(1) incorporate watercourse flow characteristics into the derivation of permit conditions; (2) assess the distance and magnitude that crossing activities will affect downstream biota; (3) make predictions regarding potential effects to areas of special sensitivity (e.g. nursery habitat); and, (4) evaluate the achievability of permit conditions by the applicant. Ritter (1981) , TROW (1996) and Bender (1997) provide modeling approaches to predict the generation and transport of suspended sediment downstream of individual pipeline water crossings. D. Where information is available on watercourses determine and incorporate the sensitivity of biota to the proposed discharge event. Important considerations include taxonomic and lifestage dependent responses to increased sediment concentrations (Newcombe and Jensen, 1996) , the timing of the discharge and sensitivity of downstream habitats to sediment deposition. Muncey et al. (1979) , Ewing (1991), Poff and Allen (1995) and Newcombe and Jensen (1996) all provide databases which highlight the relative sensitivities of different freshwater fish species.
CONCLUDING REMARKS
It has been commented that the placement of excessively stringent turbidity restrictions by state regulators have been applied in an effort to persuade pipeline companies to employ either trenchless (e.g. boring, or horizontal directional drilling), or isolated (e.g. flumed, dam and pump, or 2-stage coffer dams) crossing techniques. While these techniques can reduce, or eliminate sediment generation during instream construction, practical construction constraints limit their application to all water crossings. Therefore, achievable and biologically defensible approaches to regulate open-cut water crossings still need to be developed. Key components to achieve this goal include sediment generation and transport modeling, predictive "effects" tools that incorporate the duration and magnitude of sediment load increases and the sensitivity of resident aquatic life and watercourse flow conditions. Ongoing and potential research to further develop such approaches include sediment generation models for watercourses with cohesive bed materials (silts and clays); predictive "biological and habitat effects" relationships for sediment deposition; and the validation of current models.
